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Abstract 

We present measurements of H C 2(T) under pressure in MgE>2 and in YM2B2C. The changes 
in the shape of H C 2(T) are interpreted within current models and show the evolution of the main 
Fermi surface velocities vf and electron-phonon coupling parameters A with pressure. In MgB2 the 
electron- phonon coupling strength of the nearly two dimensional a band, responsible for the high 
critical temperature, is more affected by pressure than the n band coupling, and the hole doping 
of the a band decreases. In YM2B2C, the peculiar positive curvature of H C 2(T) is weakened by 
pressure. 

PACS numbers: 74.62.Fj, 74.70. Ad, 74.70.Dd, 74.25.Op 
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I. INTRODUCTION 



Recent advances in the synthesis and study of new materials have shown that a highly 
non uniform electron-phonon coupling over the Fermi surface can lead to many new, and 
unexpected, superconducting properties [lj]. In MgB2, which superconducts at T c = 40 
the electron-phonon coupling is very different in the two sets of bands of the Fermi surface, 
the quasi two dimensional a bands, which strongly couple to the in-plane high energy E 2ff 
B-B phonon mode, and the three dimensional 7r bands, leading to the much discussed two 
band superconductivity WkWk. Severe! new effects are currently under d,scus 8 io n , 
as e.g. possible internal modes and soliton structures 0, 10 1. In the non- magnetic nickel 
borocarbide superconductor YNi 2 B 2 C (with T c = 15.5-K" the superconducting gap is 
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highly anisotropic and vanishes on points or lines of the Fermi surface 

Superconducting electron tunnelling spectroscopy Q, together with photoennssion and 
point contact experiments [U, IIS] demonstrated the importance for the pairing interaction 
of a low energy (4meV) phonon mode, softened by a nesting feature of the Fermi surface 
Q], a phenomenon previously observed in neutron scattering experiments [soj ] - 

The underlying physical properties of MgB 2 and YNi 2 B 2 C are clearly different, and they 
represent interesting limiting behaviors of electron-phonon coupled superconductors. MgB 2 
is the most clear-cut example of two band superconductivity, and YNi 2 B 2 C has the highest 
reported anisotropy of the superconducting gap It has been found that in both com- 
pounds, the temperature dependence of the upper critical field H c2 (T) significantly deviates 
from the linear behavior expected at low fields within isotropic, single-band, BCS s-wave 
theory. Instead, the shape of H c2 (T) shows a positive curvature (PC), which is a direct 
consequence of the presence of two well differentiated subgroups of electrons on the Fermi 
surface. The Fermi velocities and electron-phonon coupling parameters of these subgroups 
of electrons are obtained by fitting the shape of H c2 (T) within the effective two band model 



described in Refs. 



112. 



2 it ] and in Appendix A. 



Studying the changes induced by variations in the volume of the unit cell on the different 
Fermi surface and electron-phonon coupling parameters is clearly of paramount importance 
to get a full understanding of this intriguing kind of superconductors, and H c2 (T) under 
pressure appears as a valuable tool to do so. As a matter of fact, the pressure dependence of 
H c2 (T) has been previously used to obtain microscopic information of the Fermi surface and 



coupling parameters of other kinds of superconducting materials |22j]. However, although 
several studies address H c2 (T) at ambient pressure in MgB 2 and in YNi 2 B 2 C 



23, 



24 125| . to the best of our knowledge, no previous measurements of the evolution of H c2 (T) 



rave systematically studied the effect 



271 ] . In that case scattering effects 



under pressure are available. Note that several groups 
of chemical pressure on the upper critical field of MgB 2 
dominate the observed behavior, leading to an increase of the interband and/or intraband 
coupling, which smears out the differences in the electronic properties and in the coupling 
to the phonon modes between the subgroups of electrons found in the pure compounds 28] . 
The goal of this work is to obtain information about the changes induced by pressure on the 
different parts of the Fermi surface by measuring and analyzing the pressure dependence of 
H c2 (T) in MgB 2 and in YNi 2 B 2 C. 



II. EXPERIMENTAL 



The single crystals of MgB 2 were grown as described in 29j], and the ones of YNi 2 B 2 C in 
an image furnace Q). Small samples of size 0.12x0.12x0.03 mm3, cut from mother crystals, 
were loaded into a hole in NiMo-alloy gasket positioned between two diamond anvils with 
0.7 mm culet diameter. The pressure in the cell was determined by the ruby fluorescence 
method. 

A susceptometer was designed to obtain the largest signal to noise ratio, with a pick up coil 
wounded very close to the sample space. Anvils were glued to the sapphire backing plates 
in order to reduce the inductive coupling between coil systems used for ac susceptibility 
measurements and the body of a diamond anvil cell made of Cu-Be alloy. The secondary 
coils of two identical coil systems were connected in opposite, thus forming a bridge. The 
measuring coil system is mounted symmetrically around the anvils and the reference system 
is placed nearby. After additional compensation by means of an attenuator and a phase 
shifter the total signal is detected with a lock-in amplifier. 

Using this susceptometer, we measured the ac susceptibility as a function of the temper- 
ature (down to 2 K) at different magnetic fields (up to 9 T) for several fixed pressures in 
each compound. The magnetic field was always applied perpendicular to the basal plane of 
the crystallographic structure. The critical temperature was determined the onset of the su- 
perconducting transition curves, which was defined as the intersection of two tangents. One 



to the flat portion of the curve above and the second to the steepest variation in the signal 
below superconducting transition, as shown by the lines in Fig. la and b. In these figures we 
show a representative example of the temperature dependence of the susceptibility around 
several superconducting transitions, measured at different magnetic fields and at 13.4 GPa 
in MgB 2 , and 2.3 GPa in YNi 2 B 2 C. From the dependence of the critical temperature as a 
function of the magnetic field at each pressure, we obtain the data shown in figures 2 and 4 
and discussed in the rest of the paper. 

On the other hand, we use a methanol-ethanol mixture as a pressure-transmitting 
medium, which is thought to give quasi-hydrostatic pressure conditions. It is important 
to emphasize that previous measurements of T C (P) at zero magnetic field in hydrostatic 
conditions (with helium as a pressure transmitting medium, see e.g. {30! and references 
therein), made in MgB 2 , agree well with the data presented here. Hence, we can exclude 
that the eventual deviations from hydrostatic conditions influence the results obtained here. 



III. RESULTS AND DISCUSSION 

To interpret our data, we follow the microscopic model of Refs. [12I 21 1, which numerically 
linearizes the equations for H c2 (T) obtained from Eliashberg theory 32j (see Appendix A). 
The main change of H c2 (T) under pressure occurs in the form of the PC and the value of 
H c2 (T — OK), which are uniquely determined by the values of coupling strengths, Ai,A 2 
and Fermi velocities vfi and vf2 of the different subgroups of electrons used to model the 
Fermi surface jl2^. Here, we take for the interband coupling constants Ai 2 = A 2 i = A 2 . In 
fact, the values found in literature Ai 2 and A 2i are indeed close to A 2 [3|2l|' and they show 



the same pressure dependencies, if left as free parameters, as A 2 . Other parameters of the 
model, the Coulomb pseudopotential and a mean phonon frequency do not affect the PC 
and form of if c2 (T), and we therefore leave them unchanged (see Table I). 



A. Upper critical field under pressure of MgB 2 



The temperature dependence of the upper critical field of MgB 2 up to 20.5 GPa is shown 
in Fig. 2. We could not find any previous H c2 (T, P) data under pressure, although , as already 
noted, T C (P,H = 0) and H c2 (T, P = 0) have been thoroughly studied in Refs.|23l. Xl& l25. 
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3JJ, |3jJ, |33j, |34| , and agree well with our data. More recently, a broadenin g of the transition 



under magnetic fields has been discussed in terms of fluctuation in Ref. |35|. However, it 
appears to depend on the volume of the samples. 

The critical temperature drops by a factor of 2 at 20.5 GPa, and H C 2(T = K) by a 
factor of 4. The shape of H c2 (T) changes by increasing pressure. The PC is always observed, 
although it appears to be slightly weakened by pressure. More detailed information is found 
by fitting the data (lines in Fig. 2) and following the evolution of the most important 
parameters, as shown in Fig. 3. The Fermi velocities (Fig. 3a) decrease for both sets of 
bands under pressure. The slightly stronger decrease of vp a reflects the stronger pressure 
dependence of the band structure of this subgroup of electrons. The dispersion relation can 
be taken to be roughly quadratical in the basal plane, as the Fermi level cuts these bands 
near their top jj, Q], so that the Fermi velocity vp a is approximately proportional to the 
radius of the a sheets. Hence, the decrease observed here shows the continuous shrinking of 
the volume of the a sheet under pressure. As emphasized in early band structure calculations 
on MgB 2 and related isoelectronic systems ^J], the layer of Mg 2+ ions causes charge transfer 
from the a to the tt bands, doping with holes the a bands, which strongly contribute to the 
density of states at the Fermi level due to their two-dimensionality. Our data show how 
pressure reduces the doping, and the a band density of states. This reduction appears to 
affect mainly the electron-phonon coupling in the a bands (Fig. 3b). As a matter of fact, 
previous estimations of t 



T C (P) measurements 



30 



;he pressure effect on the overall coupling constant A, based on the 
3^|), agree with the pressure dependence of A CT found here. Hence, 
the overall decrease in the electron-phonon coupling under pressure does not occur over the 
whole Fermi surface, but must be associated to a loss of electron-phonon coupling mainly in 
the a bands, which is ultimately responsible for the decrease of T C (P). 

On the other hand, we should also emphasize that the high energy E 2g phonon mode, to 
which the a band electrons mainly couple, has been shown by Raman scattering measure 



31, Q- 



ments to stiffen under pressure, increasing its frequency by about 30% at 20 GPa 
Correspondingly, A CT decreases, as shown here in Fig. 3b, because the hole doping of the a 
bands, achieved through the ionic layered character of MgB 2 , is gradually lost. Note also 
that previous experiments have identified a kink in T C (P) at 20 GPa, which has been at- 
tributed to an electronic topological transition, corresponding to one of the two a sheets 



moving below the Fermi level at 20 GPa 



30 



33, 



361 ] . The decrease of vp a observed here 



shows the pressure induced filling of the a bands, and agrees well with this scenario. 



B. Upper critical field under pressure of YNi2B2C. 



The pressure dependence of the critical temperature and upper critical field of YM2B2C 



is shown in Fig. 4. Previous T C (P) measurements were done at zero field 37], and stopped at 
a much lower pressure (3 GPa), so that the decrease measured here most clearly above 3 GPa 
(inset of Fig. 4) could not be observed. H C 2(T) at ambient pressure is in excellent agreement 
with previous work, and shows the extreme PC discussed in Ref.Q]. Remarkably, while 
the critical temperature is suppressed by a factor of 2 at 10 GPa, the zero temperature 
extrapolation of the upper critical field drops by an order of magnitude. In addition, the PC 
in H C 2(T) is also suppressed by pressure. The best fit to the data is shown as lines in Fig. 4. 
At ambient pressure, we obtain the parameters summarized in Table I. Their evolution as a 
function of pressure is shown in Fig. 5. Note that the electro n-phonon coupling parameters 
Ai and A2 drop both continuously with pressure (Fig. 5b) in approximately the same way. 
However, the changes in the Fermi velocity occur mainly in the subgroup of electrons with 
strongest coupling (vpi, Fig. 5a), evidencing an increase of the volume of the corresponding 
part of the Fermi surface. 

At zero pressure, the Fermi surface nesting feature found in Ref. leads to a significant 
softening of an acoustic phonon mode down to about 4meV. The corresponding strong- 
coupling feature has been observed in tunnelling spectroscopy, and an electron-phonon cou- 
pling parameter A between 0.5 and 0.8, of the same order as the one used here for Ai at 



ambient pressure (Table I), has been obtained |17J. The decrease in the electron-phonon 
coupling under pressure shown in Fig. 5b should be related to the hardening of this mode 
and the concomitant disappearance of the Fermi surface nesting feature. This must be ac- 
companied by an increase of the volume of the corresponding part of the Fermi surface, 
explaining the increase of Vpi observed here (Fig. 5a). The importance of band structure 
effects in understanding the microscopic origin for the peculiar superconducting properties 
of YNi 2 B 2 C is evidenced by our data. 



IV. SUMMARY AND CONCLUSION 



In summary, we have found that the evolution of H c2 (T) under pressure in MgB 2 and in 
YNi 2 B 2 C reflects the changes occurring in the bandstructure and electron-phonon coupling 
of the different subgroups of electrons on the Fermi surface. In the two band superconductor 
MgB 2 , the electron-phonon coupling in the a band, responsible for its high critical temper- 
ature, is strongly affected by pressure through the reduction of the a band hole doping. In 
YNi 2 B 2 C, the critical temperature decreases continuously with pressure, together with the 
electron-phonon coupling parameters in both subgroups of electrons. H c2 (T = K) dramat- 
ically decreases under pressure, and, at the same time, the peculiar PC curvature of H c2 (T) 
is weakened, showing the pressure induced increase in the volume of the Fermi surface part 
corresponding to the strong coupling subgroup of electrons. 
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APPENDIX A 

Equations for two band superconductors have been given by numerous authors |12t l32j . 
For the sake of completeness, we give here the linearized gap equations under magnetic field, 
for a superconductor in the clean limit (negligible impurity scattering), as can be found 
in reference [3| (with corrections of typewriting mistakes of factor 2 in the Matsubara 
frequency and definition of Ajj(n)). In the following, i and j are the band index, otijF(uj) is 
the density of interactions from band i to j (involving diffusion from band i to j), vpi is the 
Fermi velocity of band i, and H c2 is the upper critical field: 

Aj(n) = vrT^ [Xi,j(m - n) - n*5 itj 9(uj c - \ u m |)] 

xxj(m)A j (m)(u m ) (Al) 

&i(n) = u n + 7rT^[Aij(m - n)]sgn(u m ) 

oo 





Xi(n) = I dqexp(-q ) 



xtan 1 



Ui(n) | +iii B H C 2sgn{uj n )] 



with & = -KH c2 Vp i /(2(f) ), uj n = TiT{2n + 1) 

XiAn — m) = 2 dua^u— — -^r 

Jo ,J lo 1 + [u) n - uj m y 

The value of H c2 is given by the largest set of values of $ yielding a non trivial solution 
of equation IA1I 

We have used in addition an Einstein spectrum for the density of interactions: 

a*»F(u,) = ^5(u - fi) (A2) 

introducing a characteristic energy scale Q. In the calculations, we find Q ~ 21K: let us 
note that this value of Q cannot be determined by the fit of H c2 only: it depends directly 
of the absolute value of the A^- whereas the shape of H c2 is controlled only by the relative 
size of the Ajj (as long as they are not too large). The cut-off parameter oj c in equation 

8 



IA1I is taken to 100, and the infinite system of equations IA1I has been truncated at each 
temperature when | ui n | reaches uj c . 

Note also that bare Fermi velocities enter the above equations, and that renormalized 



Fermi velocities v* Fi 



v Fi /(l + I 
Haas- van Alphen measurements 



Ajj) should be used for comparison to specific heat or de 
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Ai 


A 2 


v F1 


VF2 


MgB 2 


1.1 


0.35 


0.29 10 6 m/s 


0.9 10 6 m/s 


YNi 2 B 2 C 


0.84 


0.27 


0.059 10 6 m/s 


0.7 10 6 m/s 



121 l2ll ] . Slight differences arise from a 



TABLE I: The table shows the parameters used for the ambient pressure fits. We have taken 
(j,* = 0.1, and a mean phonon frequency of 9 = 404K for MgBo and = 248K for YNi 2 B 2 C. All 
parameters are similar to the ones used in previous work 
simpler choice of the matrix of strong coupling parameters (only two different values ) describing 
the coupling anisotropy. In the case of YNi 2 B 2 C, our parameters agree well with the tunnelling 
spectroscopy experiments of For MgB 2 , A CT = = A 2 = A„ 

Va = V F l,V n = V F 2- 
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FIG. 1: The temperature dependence of the ac susceptibility is shown for several magnetic fields 
at 13.4 GPa in MgB 2 (from right to left in a., 0, 0.1, 0.3, 0.7, 1.0, 1.2 T) and at 2.3GPa in 
YNi 2 B 2 C (from right to left in b., 0, 0.1, 0.3, 0.5, 1.0, 2.0, 3.0, 5.0 T). Lines and arrows graphically 
demonstrate the way we extract the critical temperature (onset criterion, see also text). This series 
of curves is a representative example of the transitions measured to obtain the H c2 (T) data shown 
in the Figs. 2 (MgB 2 ) and 4 (YNi 2 B 2 C). 
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FIG. 2: Temperature dependence of the upper critical field under hydrostatic pressure of MgB2 at, 
from top to bottom, ambient pressure, 3.8, 6.8, 8.9, 13.4, 17.1 and 20.5 GPa. The magnetic field 
was applied along the c axis. The solid lines are fits discussed in the text. The inset shows the 
pressure dependence of the critical temperature obtained here (points). We obtain dT c /dP=-l.l 
K/GPa (line), in agreement with previous work in high quality single crystalline samples using 



helium as a pressure transmitting medium 
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FIG. 3: Pressure dependence of the parameters obtained from the fits of Fig. 1 in MgB2, normalized 
to their ambient pressure values (Table I). Black points represent the data for the a bands and 
open diamonds represent data for the n bands. The electron-phonon coupling parameter A (b) 
decreases with pressure, together with the Fermi velocities vfi,F2 = v a ,n for both bands (a). Note 
that A CT decreases much faster with pressure than A^ (b). 
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FIG. 4: The temperature dependence of the upper critical field of the Ni borocarbide supercon- 
ductor YM2B2C at, from top to bottom, ambient pressure, 2.3, 3.3, 5.4, 7.6, 9.0 and 11.7 GPa 
together with the fits to the theory (filled lines) explained in the text. The inset shows the pressure 
dependence of the zero field critical temperature. 



17 



1.6 



(a) YNi 2 B 2 C 



O 
II 



t 1.2 
1.0< 
1.00 

o 

II ~ ~ 
^ 0.9 

<< 

§-0.8 
0.7 h 



o o o 



o o <> 



> ( 




i 

• 


I I 
stronger coupling, i=1 




*: 


O 


weaker coupling, i=2 


(b) 








• 








o 


















o • 




i 


I 


o 



0.0 2.5 5.0 7.5 
P (GPa) 



10.0 



FIG. 5: The pressure dependence of the Fermi surface velocities (a) and electron-phonon coupling 
parameters (b) for both subgroup of electrons is shown as a function of pressure in YN12B2C. 
They are normalized to their ambient pressure values (see Table I). The subgroup of electrons 
corresponding to the strongest coupling part of the Fermi surface, increases its Fermi velocity vfi 
(a), and the electron-phonon coupling (b) is weakened under pressure. 
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